Introduction
Reoviruses belonging to serotype 3, exemplified by the prototype strains Dearing (T3D) and Abney (T3A), induce lethal encephalitis in newborn mice.
T3 reoviruses infect and injure specific regions of the mouse brain, including the hippocampus, thalamus, and cortex, and virus-induced injury within these regions is associated with the apoptotic death of infected neurons (Oberhaus et al, 1997; Richardson-Burns et al, 2002) . Reovirusinduced apoptosis in the brain is triggered by extrinsic apoptotic signaling pathways involving cell surface death receptors and their apoptosisinducing ligands. For example, Fas and FasL are up-regulated in the brains of reovirus-infected mice and Fas colocalizes in individual neurons with virus antigen and activated caspase 3 (Clarke et al, 2009) . Further, neuronal apoptosis is inhibited by soluble Fas following reovirus infection of primary cortical cultures (Richardson-Burns et al, 2002) . It has thus been proposed that Fas-FasL binding contributes to activation of caspase 8, the initiator caspase associated with extrinsic apoptotic signaling, both in reovirus-infected primary neurons and in the brains of reovirus-infected mice (Clarke et al, 2009; Richardson-Burns et al, 2002) . Activated caspase 8 can cleave and activate caspase 3 directly, resulting in apoptotic cell death. Alternatively, caspase 8 can cleave the Bcl-2 family protein Bid, which then activates mitochondrial/intrinsic apoptotic signaling pathways through interactions with other Bcl-2 family proteins. Expression of a dominant negative form of the death receptorassociated adaptor protein FADD inhibits reovirusinduced cleavage of Bid . In addition, Bid cleavage and activation of caspase 9, the initiator caspase associated with mitochondrial apoptotic signaling, have been demonstrated in reovirus-infected HEK293 cells and in the brains of reovirus-infected mice (Clarke et al, 2009; Kominsky et al, 2002) . These results indicate that both extrinsic and intrinsic apoptotic signaling pathways contribute to the ultimate death of reovirus-infected neurons and disease pathology. The reovirus protein m1c also mediates mitochondrial apoptotic signaling pathways, although the mechanism by which this occurs has not been established (Danthi et al, 2008) .
Reovirus infection of the brain is associated with the activation of a number of transcription factors, including nuclear factor (NF)-kB and c-Jun O'Donnell et al, 2005) . NF-kB family members exist as heterodimers or homodimers that are sequestered in the cytoplasm by association with inhibitor kappa B a (IkBa), or other structurally related inhibitors. Agonists of NF-kB, including viral infection, trigger a signaling cascade that leads to the phosphorylation and degradation of IkBa, which allows the translocation of NF-kB to the nucleus and the transcriptional activation of target genes. Following reovirus infection, the prototypical form of NF-kB, containing the p50 and p65 subunits, is activated and translates to the nucleus both in vitro and in vivo (Connolly et al, 2000; O'Donnell et al, 2005) . Further, activation of NF-kB is required for reovirus-induced activation of caspase 3 and apoptosis, although the exact mechanism by which NF-kB contributes to apoptotic signaling remains to be determined (Connolly et al, 2000; O'Donnell et al, 2005) . However, the activation of NF-kB following reovirus infection is not sufficient for virusinduced apoptosis because NF-kB is activated following infection with both apoptotic and nonapoptotic strains of reovirus . A second component of reovirus-induced NF-kB regulation, involving the inhibition of NF-kB at later times post infection, thus also appears to be required for virus-induced apoptosis (Clarke et al, , 2005 .
The transcription factor c-Jun is activated following phosphorylation by the mitogen-activated protein kinase (MAPK) c-Jun N-terminal kinase (JNK). JNK and c-Jun are activated following reovirus infection of tissue culture cells and primary cortical neurons and in the brains of reovirusinfected mice Clarke et al, 2001) . Further, reovirus-induced c-Jun activation requires JNK activity in vivo . JNK is also required for reovirus-induced activation of caspase 3 and apoptosis Clarke et al, 2004) . The demonstration that JNK is required for reovirus-induced up-regulation of Fas (Clarke et al, 2009) suggests that JNKinduced activation of c-Jun and c-Jun-induced gene expression also contributes to viral-induced apoptosis.
In contrast to the proapoptotic effects of NF-kB and c-Jun, reovirus-induced activation of signal transducer and activator of transcription (STAT) 1 and members of the SMAD family of transcription factors appear to be protective Goody et al, 2007) . Thus mice lacking the STAT1 gene demonstrate increased susceptibility to reovirus infection, with increased mortality and higher viral titers in the brain compared to wildtype animals . Similarly, treatment of mice with an inhibitor of transforming growth factor-b receptor 1 (TGF-b R1) resulted in increased apoptosis within the brain as demonstrated by increased cleavage of caspase 3 and poly (ADP-ribose) polymerase (PARP) .
The observation that transcription factors are activated during reovirus encephalitis and that this activation affects pathogenesis suggests that virus-induced changes in gene expression likely play a major role in reovirus-induced central nervous system (CNS) disease. Reovirus-induced gene expression has been investigated in tissue culture systems (Debiasi et al, 2003; O'Donnell et al, 2006; Poggioli et al, 2002; Smith et al, 2006) . However, reovirus-induced gene expression during viral encephalitis has not been studied and is likely to be influenced by the unique cell types present within the brain. Indeed, published studies of virus-induced global gene expression changes in the brain are limited despite the importance of viral CNS disease as a cause of significant human morbidity and mortality (Bordignon et al, 2008; Koterski et al, 2007; Sharma et al, 2008; Sui et al, 2003; Venter et al, 2005) . In this report, we analyzed gene expression changes in the murine brain following infection with reovirus. We found that infection resulted in the up-regulation of genes associated with innate immune responses at early times post infection. At later times post infection, additional genes associated with cytokine signaling and apoptosis were up-regulated. This shift of virus-induced gene expression suggests a therapeutic strategy that maintains early protective immune responses whilst inhibiting later responses that contribute to disease pathology.
Results
Effector caspases are activated in the brains of T3D-infected mice We have previously demonstrated that tissue injury in the brains of mice infected with type 3 strains of reovirus is associated with apoptosis and the cleavage of caspase 3 (Oberhaus et al, 1997; Richardson-Burns et al, 2002) . However, an increase in the activity of the effector caspases 3 and 7 (caspase 3/7) following reovirus infection of the brain has not previously been shown. These caspases recognize the same peptide (DEVD) sequence. In order to determine the kinetics of caspase 3/7 activation in the brain during T3D encephalitis, we performed caspase activity assays on brain lysates from T3D-infected and mock-infected mice at 6, 7, and 8 days post infection. Figure 1 shows that caspase 3/7 activity increases in the brains of T3D-infected mice, compared to mock-infected controls, starting at day 7 post infection. At day 7 post infection, there is 6.2-fold (P < .05) more caspase 3/7 activity in reovirus-infected, compared to mock-infected, brains. Reovirus-induced caspase 3/7 activity increases through day 8 post infection when a 14.1-fold (P < .005) increase in activity is seen in reovirus-infected, compared to mock-infected, brains. T3D-infected mice typically die between days 8 and 9 post infection.
Reovirus-induced changes in gene expression dramatically increase at late stages post infection, corresponding with the onset of apoptotic neuronal death, tissue injury, and the presentation of neurologic symptoms Transcription factors, including c-Jun, NF-kB, STAT1, and SMADs are activated following reovirus infection, both in vitro and in vivo Clarke et al, 2001; Connolly et al, 2000 O'Donnell et al, 2005) . These transcription factors are also thought to contribute to reovirus-induced pathogenesis. We performed microarray analysis to determine (a) whether virus-induced transcription factor activation in the brain is associated with increased cellular gene expression; and (b) whether reovirus-induced gene expression is associated with pathogenesis. For our studies, RNA was extracted from the brains of three T3D-infected and three mock-infected mice at days 3, 6, and 8 post infection. These time points were chosen to allow a comparison of virus-induced gene expression before and after the activation of caspase 3/7 (Figure 1 ) and the onset of apoptotic neuronal death.
RNA extracted from the brains of virus-infected and mock-infected animals was analyzed using Affymetrix 430.2 mouse whole-genome chips. These chips contain 45,000 probe sets designed to detect the differential expression of around 39,000 individual mouse genes. Table 1 lists the number of probe sets that identified differentially expressed genes in the brains of T3D-infected, compared to mock-infected, mice at days 3, 6, and 8 post infection. The table shows that 141 probe sets detected the differential expression of a cellular gene in the brains of reovirus-infected, compared to mock-infected, mice at 3 days post infection. A similar number of probe sets (128) detected the differential expression of a cellular gene at day 6 post infection. However, a much larger change in cellular gene expression, both in terms of the number of probes that identified increased gene expression (1582) and the foldchange of identified genes, was seen at later times (day 8 post infection), correlating with the development of clinical neurologic symptoms and an increase in the activity of caspase 3 (Figure 1 ). Very few probe sets detected down-regulated genes in the brains of reovirus-infected, compared to mockinfected animals at any time post infection and the magnitude of expression change for these genes was small (Table 1) . These results indicate that reovirus infection of the brain results in increased gene expression. A pronounced increase in reovirusinduced gene expression at late time post infection correlates with the appearance of severe neurologic symptoms. Effector caspases 3 and/or 7 are activated in the brains of reovirus-infected mice. Two-day-old mice were infected with reovirus (T3D) by intracerebral (i.c.) inoculation (10 3 p.f.u.). Caspase 3/7 fluorogenic substrate (activity) assays were performed on lysates prepared from the brains of T3D reovirus-and mockinfected mice at days 6, 7, and 8 post infection. The graph shows the average fluorescence (caspase 3/7 activity) in reovirus-infected lysates compared to mock-infected controls. Error bars represent standard errors of the mean. Statistically significant differences in reovirus-infected compared to mock-infected animals are indicated (*). At least six individual reovirus-and mock-infected animals were used at each time point.
Reovirus-induced cellular gene expression indicates that signaling pathways associated with the innate immune response and interferon signaling are activated in the brains of reovirusinfected mice at early times post infection Microarray data were analyzed using pathway analysis software (Ingenuity Systems, Redwood, CA) to identify cellular pathways that were significantly represented by the pattern of differential gene expression in the brains of reovirus-infected mice. In order to identify genes that may play a role in the establishment of disease, we initially analyzed probe sets (Table 1) that identified differentially expressed genes at "early" times post infection (day 3 and/or day 6 post infection), before the onset of apoptosis and clinical symptoms. One hundred sighty-six different probe sets identified the differential expression of genes in the brains of reovirus-infected mice at day 3 and/or day 6 post infection. Ingenuity pathway analysis identified 23 cellular signaling pathways that were significantly (P < .05) represented at these early times post infection by the pattern of differential gene expression in the brains of reovirus-infected, compared to mock-infected, mice. The 10 most significant (P < 1.49e À04 ) of these pathways are shown in Figure 2 . The majority of the pathways (9/10) identified at early times post infection were associated with the innate immune response. The most significant pathway identified was interferon signaling (P = 4.63e
À16
). However, several other identified pathways were associated with interferon (IFN) signaling, including (i) role of pattern recognition receptors in recognition of viruses and bacteria; (ii) activation of interferon regulatory factors by cytosolic pattern recognition receptors; (iii) role of retinoic acid inducible gene-I (RIG-I)-like receptors in antiviral innate immunity; and (iv) role of protein kinase R (PKR) in interferon induction and antiviral responses.
The "early" genes were also placed into functional categories using Affymetrix software (see Supplementary Table 1) . For this analysis, results from different probe sets identifying the differential expression of an individual gene at day 3 or day 6 were combined and fold changes from duplicate probe sets representing the same gene at the same time point were averaged. In addition, genes where the fold change did not exceed 2.0 on any day were excluded. Supplementary Table 1 lists the Affymetrix-assigned function of the remaining 131 genes that were differentially regulated at day 3 and/or day 6 post infection. Interestingly, all of these genes (except one, see below) were also up-regulated at day 8 post infection. In addition, all the up-regulated genes showed an increase in expression at 8 days post infection compared to day 3 and/or day 6 post infection, although the magnitude of expression change varied. The one exception to this pattern of gene expression was the gene encoding lysophosphatidylcholine acetyl transferase 1, which was the only gene to show a negative fold change and the only gene that was differentially expressed at early (day 3 post infection) but not late times (day 8) post infection. In accordance with our results using Ingenuity pathway analysis, the Affymetrix-assigned function of 44 out of the 131 of the identified differentially regulated genes at early time following reovirus infection was IFN signaling. One major family of interferon-stimulated genes (ISGs) that were up-regulated in the brains of reovirus-infected mice encodes the 2¢-5¢oligoadenylate (2¢-5¢OAS) proteins. These proteins activate RNase L, which produces small RNA cleavage products from self or viral RNA that induce the production of IFN a/ b through a pathway involving activation of (RIG-I), melanoma differentiation-associated gene 5 (MDA5), and their interacting protein IPS1 (IFNb promoter stimulator protein 1) (Malathi et al, 2007) . It has been shown that 2¢-5¢OAS genes confer resistance to infection with flaviviruses, including hepatitis C virus (Knapp et al, 2003) , West Nile virus (KajasteRudnitski et al, 2006) , and Dengue virus (Warke et al, 2003) . Interestingly, the genes encoding RIG-I RNA was extracted from the brains of reovirus and mock infected mice at 3, 6, and 8 days following intracerebral (i.c.) inoculation. Gene expression was compared using Affymetrix 430.2 mouse whole-genome chips. A minimum of three reovirus-infected and mock-infected animals were used at each time point. Identified genes were differentially regulated with a false detection rate (FDR) < 0.1, P < .002. (Ddx58) and MDA5 (Ifih1) are also up-regulated in the brains of reovirus-infected mice at both early and late times following infection (Supplementary Table 1 ). Other antiviral ISG genes up-regulated during reovirus encephalitis include members of the Myxovirus protein family (Mx), which mediates protection against influenza infection (Tumpey et al, 2007) .
The promoters of differentially expressed genes at early times following reovirus infection contain significantly more binding sites for interferon regulatory factors 1 and 2 and STAT1 than controls We performed Opossum analysis (Ho Sui et al, 2005) on genes that were differentially regulated at early times (day 3 and/or day 6) post infection (n = 52 software-selected genes). The promoters of these (target) genes were statistically more likely to contain binding sites for interferon regulatory factors (IRFs) 1 and 2 and for STAT1 than (background) genes that were not differentially expressed in the brain following reovirus infection (Table 2) . IRF1, IRF2, and STAT1 regulate IFN stimulated gene expression. Binding sites for the transcription factor RXRA (retionoid X receptor alpha)-VDR (vitamin D receptor) were also present in the promoters of the early genes. This transcription factor is active during development. The up-regulation of genes containing binding sites for this transcription factor thus likely represents developmental, rather than reovirusinduced, events.
Validation of microarray data using QPCR (interferon-regulated genes)
Because the majority of genes that were up-regulated at early times post infection were involved in interferon signaling, we validated our microarray data by quantitative polymerase chain reaction (QPCR) using primers designed to determine the expression of IFN-regulated genes. RNA extracted from the brains of three additional T3D reovirus-infected and mock-infected animals at day 3 and day 8 post intracerebral (i.c.) inoculation were used for QPCR validation. These animals were littermates from those used for our microarray experiment (see above). There is a high degree of consistency between results obtained using microarray analysis and QPCR for a number of IFN-regulated genes at days 3 and 8 post infection (Figure 3 ). The figure also shows that there is an increase in the expression change of IFN regulated genes between day 3 and day 8 post infection.
Microarray data were also validated by Western blot analysis, which showed an increase in the Figure 2 Cellular signaling pathways associated with innate immune responses are activated in the brains of reovirus-infected mice at early times post infection. Ingenuity pathway analysis was performed on probe sets that identified differentially expressed genes at day 3 and/or day 6 post reovirus infection (Table 1 ). The bar chart shows the 10 most significant pathways identified and the general function of these pathways (Ingenuity Systems). Probe sets that were identified as being differentially regulated (FDR < 0.1, P < .002) in T3D compared to mock-infected animals (Table 1) were analyzed for the presence of transcription factor binding sites (Opossum analysis).
b Background (Bkgd) genes (15,150 mouse genes were used as background/control genes). Target genes (52 reovirus-induced genes were used as target/experimental genes). Gene hits/ non-hits (the number of genes, target or background, for which a TFBS was/was not predicted within the conserved noncoding regions.
c TFBS hits. The number of times a TFBS was detected within the conserved noncoding gene regions (background or target).
d TFBS rate. The rate of occurrence of a TFBS within the conserved noncoding regions of the genes (target or background). The rate is equal to the number of times the site was predicted (hits) multiplied by the width of the TFBS profile, divided by the total number of nucleotides in the conserved noncoding regions of the gene set.
e Z score. The likelihood that the number of TFBS nucleotides detected for the included target genes is significant as compared with the number of TFBS nucleotides detected for the background set. Z score is expressed in units of magnitude of the standard deviation. A Z score of > 10 was used as an indication of significance based on empirical studies (Opossum software).
f Fisher score. The probability that the number of hits versus non-hits for the included target genes could have occurred by random chance based on the hits versus non-hits for the background set. A Fisher score of < .01 was used as an indication of significance based on empirical studies (Opossum software). IRF2 = interferon regulatory factor 2; IRF1 = interferon regulatory factor 1; RXRA = retinoid X receptor alpha; VDR = vitamin D receptor; Bkgd = background; TF = transcription factor; TFBS = transcription factor binding site; STAT1 = signal transducer and activator of transcription 1. Reovirus-induced cellular gene expression indicates that cellular signaling pathways associated with cytokine signaling and apoptosis are activated in the brains of reovirus-infected mice at late times post infection Ingenuity pathway analysis was also performed on genes that were differentially regulated in the brains interferon-regulated genes. Two-day-old mice were infected with reovirus (T3D) by intracerebral inoculation (10 3 p.f.u.). RNA extracted from the brains of reovirus-infected mice was compared to mockinfected controls. (A and B) The graphs show the mean fold up-regulation of interferon associated genes at days 3 (A) and 8 (B) post infection in T3D reovirus-infected, compared to mock-infected, animals as determined by microarray analysis (light gray bars) and QPCR (dark gray bars). The P values for all reovirus-induced, interferon-regulated genes at day 3 post infection were 0.05 (Ifitm1) to 3.87e À06 (B2M) as determined by microarray analysis and 0.04 (H2-K1) to 2.00e À05 (IRF9) as determined by QPCR. The P values for all reovirusinduced, interferon-regulated genes at day 8 post infection were.001 (H2-K1) to 4.3e À09 (Ifit1) as determined by microarray analysis and 0.01 (Nmi) to 7.0e À05 (Stat1) as determined by QPCR. The graphs (C and D) show the mean fluorescence generated by an individual probe set (Affymetrix 430.2 microarray) representing each of the interferon-regulated genes shown in A and B. Error bars represent the standard error of the mean. For illustrative purposes the horizontal axis in D shows 1/10 of the actual fluorescence reading. In addition, fluorescence values for genes indicated with an asterisk are also reduced by a factor of 10. Three individual T3D reovirus-infected mice and three individual mock-infected mice were used to determine fold up-regulation by microarray analysis and three different mice from the same litters were used to determine fold up-regulation by QPCR.
Gene expression during reovirus encephalitis of reovirus-infected animals at 8 days post infection ("late" genes). This analysis included genes that were also differentially expressed at day 3 and/or day 6 post infection. We hypothesized that genes that were differentially expressed at late times post infection might play a prominent role in disease severity and progression. One hundred and eleven pathways were significantly (P < 0.05) represented by the pattern of differential gene expression in the brains of reovirus-infected, compared to mockinfected, mice at 8 days post infection. The 17 most significant of these pathways (P < 1.53e À09 ) included 7 of the pathways that were also identified at early times post infection (Figure 2) . Table 3 shows that for the pathways that were identified at both early and late times post infection, the ratio of the number of genes in a pathway that were differentially regulated in the brains of reovirus-infected, compared to mock-infected, mice divided by the total number of genes assigned to that pathway (Ingenuity) increases at late, compared to early, times post infection. The 10 additional pathways are shown in Figure 5 and include pathways associated with the general functions of cytokine signaling, apoptosis, and disease-specific pathways.
The promoters of differentially expressed genes at late times following reovirus infection contain significantly more binding sites for interferon regulatory factors 1 and 2, STAT1, and the NF-kB family of transcription factors than controls We performed Opossum analysis on genes that were differentially regulated at late times post infection (n = 745 software-selected genes). The promoters of these (target) genes were statistically more likely to contain binding sites for IRF 1 and 2 and STAT1 than (background) genes that were not differentially expressed in the brain following reovirus infection (Table 4) . Binding sites for the NF-kB family of transcription factors were also identified as being overrepresented in reovirus-induced genes at day 8 following infection compared to control/background genes. The transcription factors IRF1, IRF2, and STAT1 regulate interferon-induced gene expression. The NF-kB family of transcription factors play a role in the regulation of cytokine gene expression. Additional transcription factor binding sites that are present in the promoters of reovirus-induced genes at late times following intracerebral inoculation include E74-like factor 5 (ELF5) and GA-binding protein transcription factor, alpha (GABPA). ELF5 and GABPA are members of the ETS family of transcription factors, which are present throughout the body and are involved in a wide variety of functions, including the regulation of cellular differentiation, cell cycle control, cell migration, cell proliferation, apoptosis (programmed cell death), and angiogenesis. In addition, in the mouse brain, ETS factors have been shown to be important players in the specification and differentiation of dopaminergic neurons (Flames and Hobert, 2009 ).
Validation of microarray data using QPCR (cytokine-regulated genes)
Because the majority of genes that were up-regulated at late times post infection were involved in interferon signaling (Figure 3 ) and cytokine signaling, we further validated our microarray data by QPCR using primers designed to determine the expression of cytokine genes. RNA extracted from the brains of three additional T3D reovirus-infected and mockinfected animals at day 8 post intracerebral (i.c.) The interferon-induced proteins IRF7 and Ifi202 are increased in the brains of reovirus-infected mice compared to mock-infected controls. Two-day-old mice were infected with reovirus (T3D) by intracerebral inoculation (10 3 p.f.u.). Western blot analysis was performed on lysates prepared from the brains of reovirus-infected mice and mock-infected controls at 8 days post infection using antibodies directed against IRF7 (interferon regulatory factor 7) and Ifi202 (interferon-induced protein 202). (A) Western blotting indicates that IRF7 and Ifi292 are up-regulated in the brains of reovirus-infected mice compared to mock-infected controls. Actin was used as a control for protein loading. The blot is representative of three individual experiments. (B) The graph shows the average increase in expression of IRF7 and Ifi202 proteins as determined by densitometric analysis.
Gene expression during reovirus encephalitis KL Tyler et al inoculation were used for QPCR validation. These animals were littermates from those used for our microarray experiment (see Materials and Methods). There is a high degree of consistency between results obtained using microarray analysis and QPCR for a number of cytokine genes at day 8 post infection ( Figure 6 ).
Discussion
Reovirus encephalitis is associated with the activation of a number of cellular transcription factors including NF-kB (O'Donnell et al, 2005) and c-Jun . Further, the activation of these transcription factors is thought to be required for virus-induced pathogenesis. Microarray analysis identified limited differential gene expression in the brain 3 and 6 days following reovirus infection. However, there was a considerable increase in differential gene expression at day 8 post infection. This increase in differential gene regulation at day 8 post infection corresponds to the activation of caspase 3/7 and the onset of clinical neurologic symptoms. The vast majority of differentially regulated genes at all times post infection were up-regulated. In order to Figure 5 Cellular signaling pathways associated with cytokine, apoptosis, and disease-specific responses are activated in the brains of reovirus-infected mice at late times post infection. Ingenuity pathway analysis was performed on probe sets that identified differentially expressed genes at day 8 post reovirus infection (Table 1 ). The bar chart shows the 10 most significant pathways identified (excluding pathways that were also identified at early times post infection) and the general function of these pathways (Ingenuity systems). The ratio is the number of genes from data that are in pathway divided by the total number of genes that are designated to the pathway by Ingenuity.
Gene expression during reovirus encephalitis 64 KL Tyler et al Background (Bkgd) genes (15,150 mouse genes were used as background/control genes). Target genes (745 reovirus-induced genes were used as target/experimental genes). Gene hits/ non-hits (the number of genes, target or background) for which a TFBS was/was not predicted within the conserved noncoding regions.
c An explanation of the column headings can be found following Table 2 . STAT1 = signal transducer and activator of transcription 1; IRF2 = interferon regulatory factor 2; RelA/p65 = V-rel reticuloendotheliosis viral oncogene homolog A; ELF5 = E74-like factor 5; GABPA = GA-binding protein transcription factor, alpha; NF-kB = nuclear factor kappa B; Rel = cRel; IRF1 = interferon regulatory factor 1.
determine the function of the differentially regulated genes, we divided the genes into two groups. The "early" genes (differentially regulated at day 3 and/or day 6 post infection) were hypothesized to play a prominent role in the establishment of disease. In contrast, the "late" genes (up-regulated at day 8 post infection) were hypothesized to play a prominent role in disease progression. A. Figure 6 Confirmation of microarray data by quantitative PCR (QPCR): cytokine genes. Two-day-old mice were infected with reovirus (T3D) by intracerebral inoculation (10 3 p.f.u.). RNA extracted from the brains of reovirus-infected mice was compared to mock-infected controls. (A) The graph shows the mean fold up-regulation of cytokine genes at day 8 post infection in T3D reovirus-infected, compared to mock-infected, animals as determined by microarray analysis (light gray bars) and QPCR (dark gray bars). The P values for all reovirusinduced cytokine genes at day 8 post infection were between 0.001 (Il1b) and 5.2e À08 (Cxcl9) as determined by microarray analysis and between 0.05 (Ccr5) and 3.00e À05 (Cxcl13) as determined by QPCR. Three individual T3D reovirus-infected mice and three individual mock-infected mice were used to determine fold up-regulation by microarray analysis and three different mice from the same litters were used to determine fold up-regulation by QPCR. (B) The graph shows the mean fluorescence generated by an individual probe set (Affymetrix 430.2 microarray) representing each of the reovirus-induced cytokine genes shown in A (reovirus-infected = black bars, mockinfected = gray bars). Error bars represent the standard error of the mean. Fluorescence values for genes identified with an asterisk are reduced by a factor of 10 for illustrative purposes.
Gene expression in the brain at "early" times post reovirus infection We identified 186 probe sets (131 genes) that identified the differential expression of cellular genes at early times post infection (Table 1 and  Supplementary Table 1 ). All of these genes, with one exception, were up-regulated and were also up-regulated at day 8 post infection, with an increase in expression change from "early" to "late" times. Our results of gene expression changes in the brain at early time post infection with reovirus are remarkably consistent with recent reports of gene expression changes in the CNS of mice infected with dengue virus type 1 (Bordignon et al, 2008) and Venezuelan equine encephalitis virus (Sharma et al, 2008) . The major pathways affected by reovirus infection at early times post infection were involved in IFN signaling, antigen presentation and processing, and complement activation. These changes are consistent with a robust innate immune response characterized in particular by genes induced by type I IFNa/b.
IFNa/b is induced in response to virus infection and contributes to the innate antiviral immune response (Randall and Goodburn, 2008) . In addition to the cell autonomous effects of IFNa/b, these cytokines also modulate the immune system by activating effector cell function and promoting the development of the acquired immune response. The pivotal role of the IFN response in viral pathogenesis is not only of fundamental interest but may also have practical application in the design and manufacture of attenuated virus vaccines and the development of novel antiviral drugs.
The role of IFNa/b in reovirus infections of the brain has not previously been characterized, although previous studies have suggested a protective role for the STAT proteins in reovirus-induced encephalitis . The current study shows that reovirus infection of the brain results in the up-regulation of many ISG. Although modulation in IFNa/b was not detected in the brains of reovirus-infected mice by our initial criteria (false detection rate [FDR] < .1, P < .002), an increase in the levels of IFNa/b mRNA were detected by microarray analysis at 8 days post infection with a less stringent selection criteria (FDR < .1, P < .005) and by QPCR (not shown). An increase in the levels of IFNa/b mRNA was not detected in the brains of reovirus-infected mice at early times post infection. However, low levels of IFNa/b have been shown to be capable of inducing high levels of ISGs, as demonstrated in several microarray experiments (Bourne et al, 2007; Johnston et al, 2001; Sariol et al, 2007) . Additionally, other authors have found the expression of ISGs in chimpanzee liver cells chronically infected with hepatitis C virus (Bigger et al, 2004) and in monkey peripheral blood mononuclear cells (PBMCs) infected with Dengue virus type 1 (Sariol et al, 2007) without detecting IFN transcripts.
IFNa/b is thought to play a protective role in reovirus-induced myocarditis, with myocarditic reoviruses (including T1L) repressing the IFNa/b signaling pathway (Zurney et al, 2009) . Interestingly, in this study, T3D (which was used in the current study to induce viral encephalitis) was not found to inhibit IFNa/b signaling and was not myocarditic (Zurney et al, 2009) . Repression of IFNa/b signaling during viral myocarditis is brought about by the reovirus m2 protein and occurs through a mechanism involving nuclear accumulation of interferon regulatory factor 9 (IRF9) (Zurney et al, 2009) . Consistent with this finding is that inhibition of IFNa/b signaling may be specific to infected cells, since IFNa/b produced by hematopoietic cells following peroral T1L inoculation protects mice against lethal infection (Johansson et al, 2007) .
The use of mice deficient for the type I IFN receptor (IFNAR) has highlighted the importance of IFNa/b signaling in the control of viral replication in the CNS (Randall and Goodbourn, 2008) . For example, in the case of Sindbis virus, an increase in viral load was reported in the CNS of wild-type, compared to IFNAR-deficient, strain, resulting in significantly increased susceptibility to viral infection (Ryman et al, 2000) . Multiple studies have demonstrated the widespread ability of CNS cell types to both induce and respond to IFN. For example, neurons, macrophages/microglia, and ependymal cells from mice infected with Theilers virus (TMEV) or La Crosse virus (LACVdelNSs, a variant mutated in the non-structural (NS) IFN-antagonist gene) produce IFN (Delhaye et al, 2006) . Expression of ISGs has also been reported in the CNS after infection with lymphocytic choriomeningitis virus (LCMV) (Wacher et al, 2007) , West Nile virus (Wacher et al, 2007) , dengue virus type 1 (Bordignon et al, 2008) , and Venezualen equine encephalitis virus (Sharma et al, 2008) . Additional analysis in primary neurons has also indicated that these cells respond to IFNa by expressing genes involved in the antiviral response (Wang and Campbell, 2005) . In this study, the up-regulation of IFN-induced genes was dependent on STAT1.
Gene expression in the brain at "late" times post reovirus infection Ingenuity pathway analysis was also performed on genes that were differentially regulated in the brains of reovirus-infected animals at 8 days post infection ("late" genes). The 17 most significant (P < 1.53e À09 ) pathways identified included 7 of the pathways that were also identified at early times post infection (Figure 2) . Table 3 shows that for the pathways that were identified at both early and late times post infection, the ratio of the number of genes in a pathway that were differentially regulated in the brains of reovirus-infected, compared to mockinfected, mice divided by the total number of genes assigned to that pathway (Ingenuity) increases at late, compared to early, times post infection. The 10 additional pathways (Figure 4 ) include pathways associated with the general functions of apoptosis, cytokine signaling, and disease-specific pathways.
The up-regulation of mRNAs encoding proteins involved in death receptor signaling is central to all the apoptotic pathways identified as being significantly represented in the brains of reovirus-infected, compared to mock-infected, mice. These include mRNAs corresponding to Fas, caspase 8, Daxx, Bid, caspase 7, TNFR1 and TNFR2, TRAF2, RIP, and IKK. The contribution of Fas, caspase 8, and Bid to reovirus-induced apoptosis in the brain has previously been reported so the observation that the mRNAs encoding these proteins are up-regulated is confirmatory (Clarke et al, 2009) . However, the mRNAs of several additional, previously unrecognized, proteins that may contribute to apoptosis was also increased in the brains of reovirus-infected, compared to mock-infected, mice. For example, Daxx, caspase 12, BAK, and p53 all have suspected roles in apoptosis. In addition, mRNA for the death receptor-associated proteins TNFR1 and TNFR2, RIP, Traf2, and IKK is up-regulated and may contribute to reovirus-induced apoptosis via activation of NF-kB.
Although much is known regarding the mechanism of apoptotic neuronal death during reovirus encephalitis, the role of other cells within the brain, including microglia, remains to be determined. These cells are the resident immune cells of the central nervous system and have a critical role in the host defense against invading microorganisms. Microglial activation is viewed as an adaptive response whereby microglia release neuroprotective factors to facilitate the recovery of injured neurons and they also phagacytose dying or damaged neurons before they release toxic agents into the surrounding area. Although initiation of immune responses by microglia is an important protective mechanism in the CNS, unrestrained inflammatory responses may result in irreparable damage to the brain, as is the case following infection of the brain with Japanese encephalitis virus. One proinflammatory mediator that is associated with microglial activation is interleukin-6 (IL6). Cellular pathways defined by Ingenuity systems that were identified as being significantly represented by the pattern of differential gene expression in the brains of reovirus-infected, compared to mock-infected, mice and that encompass IL6 responses include (i) IL10 signaling, (ii) IL6 signaling, (iii) hepatic fibrosis/hepatic stellate cell activation, (iv) acute-phase repose signaling, and (v) TREM 1 signaling. Recent reports from our laboratory have shown that microglia are activated in the brain following reovirus infection. It will thus be interesting to determine the role of microglia in IL6 up-regulation and neuronal injury during reovirus encephalitis.
These studies have identified the up-regulation of many cellular genes during viral encephalitis. These genes are consistent with the activation of specific cellular pathways. Future studies will examine the role of these genes and pathways in viral pathogenesis.
Materials and methods

Cells and virus
Reovirus strain type 3 Dearing (T3D) is a laboratory stock that has been plaque purified and passaged (twice) in L929 (ATCC CCL1) cells to generate working stocks. T3D was grown in L929 mouse fibroblasts (ATCC CL-1) that were maintained in 2 Â 199 medium supplemented with 10% heatinactivated fetal bovine serum (FBS; Gibco/BRL, Gaithersburg, MD) and 4 mM L-glutamine. T3D stocks were diluted in phosphate-buffered saline (PBS) and 2-day-old Swiss Webster mice were intracerebrally (i.c.) inoculated with 10 3 plaque forming units (p.f.u.) of T3D in a 10-ml volume. Mock-infected animals underwent identical i.c. inoculations using PBS-diluted L929 conditioned medium.
Caspase fluorometric assay Activity of the effector caspases 3 and 7 was determined using a kit obtained from R&D Systems (BF1100). Briefly, brains were removed, homogenized in 1 ml lysis buffer and incubated on ice for 10 min. Fifty microliters of the resulting homogenate was then tested for protease activity by the addition of a caspase 3/7-specific peptide (DEVD) conjugated to the fluorescent reporter molecule 7-amino-4-trifluoromethyl coumarin (AFC).
Western blotting
Brains were removed from T3D-infected and mock-infected mice and were transferred to 1 ml of PBS and stored at À80 C. Vials were then thawed gently to room temperature and the PBS was aspirated off. Brains were then homogenized in 300 ml of pH 7.5, 2 mM EDTA, 10 mM EGTA, 20% glycerol, 0.1% NP-40, 50 mM b-mercaptoethanol, 100 mg/ml leupeptin, 2 mg/ml aprotinin, 40 mM Z-D-DCB [Z-Asp-2,6-dichlorobenzoyloxymethylketone], and 1 mM PMSF [phenylmethylsulfonyl fluoride], using a dounce homogenizer. Lysates were then transferred to 1.5-ml eppendorf tubes and were stored on ice until centrifugation (20,000 Â g for 3 min). The supernatant was then transferred to a fresh tube containing 300 ml of 2Â Laemmli buffer (125 mM Tris, pH 6.8, 4% sodium dodecyl sulfate [SDS] , 10 mM b-mercaptoethanol, 20% glycerol, and 0.004% bromophenol blue). Brain lysates were boiled for 5 min and stored at À70 C. Proteins were electrophoresed overnight by SDS-polyacrylamide gel electrophoresis (PAGE) at a constant voltage of 70 V. Proteins were then electroblotted onto Hybond-C nitrocellulose membranes (Amersham Biosciences, Piscataway, NJ). Immunoblots were blocked with 5% nonfat dry milk (NFDM) in Trisbuffered saline Tween-20 (TBST) for 2 h at room temperature before being probed with antibodies directed against IRF7 (Santa Cruz Biotechnology SC-9083, Santa Cruz, CA) and ifi202 (Santa Cruz Biotechnology SC-50358). Antibodies were diluted in 3% NFDM/TBST according to the manufacturer's directions. All lysates were standardized for protein concentration with antibodies directed against actin (Oncogene, Cambridge, MA; catalog no. CP01) diluted 1:10,000 in 3% NFDM/TBST. Autoradiographs were quantitated by densitometric analysis using a Fluor-S MultiImager (Bio-Rad Laboratories, Hercules, CA). Statistical analysis was performed using Graphpad software (Instat).
RNA purification, microarray, and QPCR In order to generate the most consistent data for our microarray studies, particular care was taken to standardize infections for RNA extractions. For each time point, two litters of mice that were born within 6 h of each other were used. Half of each litter was mock-infected and placed with one mother and the other half of each litter was T3D-infected and placed with the other mother. The litters used contained similar numbers of pups and all pups used were between 1.8 and 2.0 g. Intracerebral inoculations were performed between 48 and 54 h following birth. At 3, 6, and 8 days post infection, mice were sacrificed and brains from mock-and virus-infected mice were immediately placed in RNAlater and stored (short term) at À20
C. Approximately 160 mg of brain tissue (about half of brain after cerebellum removed) was homogenized in 1 ml of Qiazol (Qiagen RNeasy Lipid Tisssue Mini Kit; catalog no. 74804) for at least 20 strokes until completely emulsified. The emulsion was transferred to a clean 1.5-ml tube and set aside for at least 5 min before addition of 200 ml chloroform. The mixture was shaken for 15 s and set aside for 5 min before centrifuging at 12,000 Â g for 15 min at 4 C. The upper aqueous phase was then carefully removed and transferred to a new tube. One volume of 70% ethanol (prepared with Diethylpyrocarbonate [DEPC] water) was then added and the solution was mixed before being transferred to an RNeasy column. RNA was purified following the manufacturers specifications and 0.5 to 1 ml of RNasin was added to the sample which was then stored at À80 C. Affymetrix 430.2 mouse whole-genome chips (Santa Clara, CA) were used for microarray analysis of RNA extracted from reovirus-infected and mock-infected brains. Individual Affymetrix chips were used for each reovirus-infected and mock-infected sample according to the manufacturer's specifications. All microarray experiments and initial analysis was performed at the microarray core facility (University of Colorado-Denver). Analysis was performed using R statistical computation software and packages from Bioconductor open source software for bioinformatics (Gentleman et al, 2004) . Prior to statistical analysis, two preprocessing steps involving normalization and gene filtering were performed. Raw data from array scans were processed using the Robust Multi-chip Average (RMA) normalization method to subtract a background value that is based on modeling the perfect match (PM) signal intensities as a convolution of an exponential distribution of signal and a normal distribution of nonspecific signal while ignoring the mismatch (MM) signal (Irizarry et al, 2003) . After normalization, data were filtered using two criteria: (1) Affymetrix mRNA detection calls were used to exclude all probe sets with an "absent" call in all samples; and (2) transcripts that demonstrated little variation across all arrays were removed. This was performed by comparing the variance of the log-intensities for each gene with the median of all variance for the entire array. Genes not significantly more variable than the median were filtered out. Differentially regulated genes were analyzed using the Ingenuity Pathway Analysis software (IPA; Ingenuity Systems, Redwood City, CA). Ingenuity Pathways Analysis knowledge base is a curated database constructed based on scientific evidence based on hundreds and thousands of journal articles, textbooks, and other data sources. IPA software was used to define which well-characterized cell signaling pathways are most relevant during reovirus encephalitis. The significance (P values) of the association between the data set and the canonical pathway was measured by comparing the number of genes that are differentially regulated during reovirus encephalitis that participate in a pathway relative to the total number of genes in all pathway annotations stored in the Ingenuity Pathway knowledge base. Fisher's exact test was used to calculate a P value determining the probability that the association between the genes in the data and the canonical pathway is explained by chance only.
For quantitative polymerase chain reaction (QPCR), cDNA was prepared from purified RNA by reverse transcribing 1.0 mg of each RNA sample using SABiosciences First Strand Kit (C-03; SABiosciences, Frederick, MD). The 20 ml final volume of cDNA was diluted with 1275 ml of water and added to 1275 ml of 2Â SABiosciences RT2 SYBR green master mix (PA-010). Twenty-five microliters was dispensed into each well of a SABiosciences RT2 profile a/b interferon signaling or cytokine (PAMM-11) PCR array. Quantitative real-time polymerase chain reaction QRTPCR was carried out on a Bio-Rad Opticon2 machine (Bio-Rad).
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